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Abstract
Projection-microstereolithography is an additive manufacturing technique based on the spatially controlled solidification of a liquid
photopolymer on exposure to digitally manipulated light patterns. This study presents a methodology to evaluate the effect of a
type-I photoinitiator on the reaction kinetics in the process and the cytocompatibility of the produced components. While the
reaction speed and degree of conversion were heavily dependent on the applied amount of the initiator, a clear toxic effect was
observed with all tested concentrations, and a post-processing step of 7 days was required to leach out the initiator residues.
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Mamoru Mitsuishi
and Professor Paulo Bartolo
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1. Introduction
Stereolithography is a process initially applied in
rapid prototyping and based on the spatially controlled
solidification of a liquid and light-sensitive polymer
(resin) upon interaction with a light source (photo-
polymerization). Projection-microstereolithography
(PMSL) applies a pattern generator, usually an LCD or a
Digital Micromirror device (DMD), to digitally
modulate a laser or light beam according to layer
profiles determined from an STL file [1]. Once an array
of light spots (pixels) is projected onto the resin surface,
the light propagates within each illuminated voxel in the
direction of the beam where it provides the energy that
leads to simultaneous solidification in the irradiated
pixels. This curing process is repeated layer by layer.
The solidification of a stereolithographic resin in a
highly crosslinked 3D polymer network results from a
distinctive curing mechanism that involves the
successive gelation and vitrification of the photo-
polymer. Photopolymerization reactions can be initiated
by free radicals, in which case oligomers with photo-
crosslinkable groups are required as well as free radicals
that are generated by a photoinitiator (PI) when
irradiated with light. Bisacylphosphine oxide (BAPO)
derivatives belong to the Norrish type I initiators that
undergo alpha-cleavage of a carbonyl or carbonyl-
phosphinoyl bond when irradiated with light and that
exhibit absorbance maxima between 365 and 416 nm,
depending on their exact chemical composition [2].
characterize the crosslinking of monomers in a
the chemical structure and chain length of the monomer
[3], it is also influenced by the applied PI and light
almost 80 % can be achieved in setups using a quartz-
tungsten halogen lamp (380-500 nm) and a violet-LED
light source (390-430 nm) [4].
Another requirement with biomedical components is
the biocompatibility of the photoinitiator at the applied
concentration. BAPO is tolerated in concentrations of up
to 0.5 wt% by osteoblast-like cells [5], and up to 1.0
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wt% by MC3T3 pre-osteoblasts on a photopolymer
scaffold [6]. With other cell lines however, the tolerance
level for BAPO can be much lower [7].
Projection-microstereolithography is a powerful
technique to manufacture microstructures with complex
geometries for biomedical applications. A key challenge,
however, is to identify PI compositions and the optimum
concentrations where a sufficient curing speed can be
achieved without compromising biocompatibility. This
study suggests a systematic methodology to specifically
evaluate the concentration-dependent performance of a
type I photoinitiator in a PMSL process regarding the
curing speed, the degree of conversion and the toxic
effects within a cell-containing environment.
2. Materials and Methods
2.1. Material preparation
Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
served as photoinitiator dissolved in Poly(ethylene
glycol)-dimethacrylate (PEGDMA), M = 750g/mol, at
room temperature and intermediate stirring rate for 5
hours. Four different photopolymer mixtures containing
0.1, 0.25, 0.5 and 1.0 wt% initiator were prepared in
separate units and used in the kinetics and toxicity
assessments. PEGDMA and initiator were purchased
from SIGMA Aldrich and used as received.
Cell-culture media was made using Dulbecco’s
modified eagle’s medium (DMEM) and fetal calf serum
(FCS) at 10% v/v. A transformed cell line of green
fluorescent protein (GFP) Mouse Embryonic Fibroblast
NIH 3T3 cells (ECACC) were cultured in DMEM
media. When 80-90 % confluent, cells were detached
from the culture surface with 0.25 % (v/v) trypsin 0.02 %
(w/v) EDTA in PBS. Cells were centrifuged (250 x g) for
5 minutes, resuspended in DMEM medium and split 1 in
5. The culture media was changed every 3 days and kept
in a 37oC, 5% CO2 humidified incubator.
An Alamar Blue® assay solution was produced by
diluting in Hanks Balanced Salts Solution (HBSS) in a
of the assay solution was pipetted into each well and
control plate that were left to incubate (37°C, 5% CO2,
90 min). Then 100μl of the solution was taken from each
well in triplicate and placed into a 96 well plate to
measure fluorescence at 570nm in a Tecan microplate
reader. The solution was replaced with 1 ml DMEM, and
the assay was repeated at day 1, 2, 3, 6 and 7.
2.2. Kinetic assessment
The infrared absorbance spectra in the uncured and
cured resin were monitored using a Bruker Tensor 27®
Fourier Transform Infrared (FTIR) spectrophotometer. A
thin film cell was made by sandwiching two round
25mm sodium chloride (NaCl) crystal windows in a
Presslok® cell holder locked in position with a lid.
Absorption spectra were recorded from 2,000 to
1,000cm-1 wave number at a resolution of 4cm-1, and
changes were assessed in the 1,700 to 1,550cm-1 region.
An Envisiontec Perfactory® Mini-Multi Lens
projection-microstereolithography machine emitting
visible blue light of 380-480nm wavelength served as
the irradiation source. The projector brightness of the
PMSL system was adjusted to a light intensity of
600mW/dm2, which corresponded to 500mW/dm2 when
projected through one NaCl disk horizontally placed on
the calibration plate of the machine. The light beam was
recalled via the ‘Show compensation mask’ function and
exposure times (ti) of 5, 10, 20, 30 and 60 seconds were
manually controlled with a stopwatch. The final
exposure was carried out with 2000 flashes in a G171
Otoflash® UV-flash postcuring device.
An infrared absorbance reading for a single and clean
NaCl disc was used as the background reading, A0. The
thin film cell was loaded with the photopolymer to
generate the IR readings for the uncured material, and
after exposure in the PMSL machine for the (partly)
calculated assigned to the C=C stretching vibrations at
1637 cm-1 for each exposure according to equation (1):
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Where, AC=C(t0) quantifies the IR absorption peak at
1637 cm-1 in the uncured material, AC=C(ti) is the
absorption in the cured material after an exposure time ti,
and A0 is the background noise.
2.3. Biocompatibility assessment
Square chips measuring 10x10x2mm were modeled
in CAD and made in sets of 3 on the above PMSL
machine (500mW/dm2, 20 sec) in the resin at the four
initiator concentrations. The parts were rinsed for three
minutes in an ultrasonic bath with isopropyl alcohol, air
dried, sterilized under UV light, and then the resin chips
(n=3) were placed in two 12 well plates in 1 ml of
DMEM and left in the media for 24 hours.
Cells were seeded at a concentration of 2.5 x 104 cells
per well, centrifuged, the supernatant was aspirated off
and the cell pellets were placed in a 24 well plate. 700μl
of the supernatant in the chip-containing well (n=2) was
added to the corresponding pellet-containing well. A
further 700μl from the third chip was added to an empty
well. Fig. 1 shows the positive control containing 2.5 x
104 cells in 1ml media (n=3) and the negative control
containing 1ml of pure cell-culture media (n=3). Each
resin chip was then re-suspended in 1ml media.
A standard curve of cell count versus fluorescence at
590nm was produced for different cell counts from 30 x
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104 cells to 12.5 x 103 cells (n=3). To each of the
initiator and the standard-curve wells, 1ml of Alamar
Blue solution was added. The well plates were left to
incubate and a fluorescence reading at 590nm was run.
The remaining 300 μl on each chip was collected and
frozen for later use in the release study.
Fig. 1. Schematic diagram of the biocompatibility assessment based on
supernatant collected from resin chips containing different BAPO
concentrations (0.1, 0.25, 0.5 and 1 wt%) set up in a 24 well plate.
The wavelength peak and a standard curve of
absorbance at the peak wavelength versus BAPO
concentration in DMEM was generated in an absorbance
scan at 300-550nm. To quantitatively assess the PI
release from the chips, the 300-μl samples taken from
the resin chips at day 1, 2, 3, 6, 7, 8, 9, 10, 13 and 14
were thawed. 100 μl of each sample was placed in a 96
well plate (n=3) for each day and concentration. An
absorbance scan was performed at the peak wavelength
and a graph was plotted to determine how much of the
photoinitiator had been released.
3. Results
3.1. Kinetic characterization
The infrared absorbance readings were taken for the
uncured material and after each exposure to light, and
this was repeatedly carried out for the four tested
initiator concentrations. A large number of peaks was
observed in the ‘Fingerprint Region’ between 1,500 and
1,000 cm-1 that can be assigned to vibrations of the
whole molecular skeleton and the P=O stretch in the
photoinitiator molecule. Irrespective of that, the peak of
interest at 1,637 cm-1 was clearly visible and highly
responsive to exposure to the light beam of the PMSL
machine. The peak heights decreased with increasing
exposure times as shown in Fig. 2, while the extend of
this change strongly depended on the photoinitiator
content. Although the initial peak height slightly varied
with the material volume applied between the NaCl discs
for the different material sets, this did not affect the
calculated in relation to the initial peak height.
Fig. 2. FTIR data for the PEG-based photoresin containing 0.5 wt %
BAPO photoinitiator, revealing a gradual change in the IR-absorbance
peak at 1,637 cm-1 with increasing exposure to the light source in the
projection-microstereolithography machine used as curing unit.
increasing exposure times for different BAPO-initiator concentrations
in the PEG-based photopolymer matrix.
With all four initiator concentrations, characteristic
kinetic profiles of a photo-polymerization reaction
appeared although the sensitivity of the crosslinking
process was highly dependent on the BAPO content.
Large differences were observed in the kinetic rates of
the chemical controlled stage, the position of the onset
points, and the maximum conversion. The most
BAPO concentration of 1.0 wt %, while a lethargic
reaction was recorded for the lowest concentration of 0.1
wt %. With all tested materials, the onset points where
the chemically-controlled stage passes into a much
identifiable. The onset times increased with increasing
BAPO content as shown in Fig. 3. By contrast, the
degree of crosslinking in the onset point and the
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maximum degree of conversion decreased with higher
initiator contents, except for the lowest concentration.
mix containing 0.25 % initiator, whereas the resin
compositions with the highest (1.0 wt%) and the lowest
(0.1 wt%) initiator contents yielded values below 70 %.
3.2. Toxicity and release
While the cell count on the tissue culture plastic
showed a steady increase over the 7 days, a declining
number of living cells and low cell viability with culture
time were observed in the PI-containing wells (Fig. 4).
This indicated a considerable toxic effect of the BAPO
initiator at all tested concentrations on the used cells.
Although the viable cell count increased over the first
three days for the lowest BAPO concentration of 0.1
wt% and this was also the maximum peak compared to
the higher concentrations, it declined back at day 7. For
the 0.25 wt% and 0.5 wt% resin chips, the number of
proliferating cells peaked at day 2 and then gradually
decreased. The Alamar Blue assay further confirmed that
there was no considerable number of viable cells
throughout the experiment for the resin chips containing
1 wt% initiator. The optical inspection of the cells at the
end of day 7 showed no cells under fluorescence for all
BAPO concentrations and only cell debris remained.
Fig. 4. Number of viable cells on tissue culture plastic and for
comparison at different BAPO concentrations in the resin chips over a
period of 7 days. Data presented as a mean +/-SEM (n = 6); absolute
cell counts indicated for pure cell culture and 0.10 wt% photoinitiator.
The weight release of the PI from the swollen chips
was measured via the absorbance at 400nm in the
supernatant. The data indicated a hysteresis curve with
low release rates over the first 4 days, a release peak for
all concentrations on day 7, followed by low release
rates after that (Fig. 5). The highest release was observed
from the 1 wt% resin chips, closely followed by the 0.5
and 0.25 wt% chips. A sub-peak in the leaching rate at 1
wt% BAPO occurred on day 2, while this was not
observed for the other chips.
Fig. 5. Cumulative photoinitiator release (weight %) for different
BAPO concentrations, data presented as a mean +/-SEM (n = 6).
4. Conclusions
The results demonstrate the efficiency of BAPO
photoinitiators in the process but a toxic effect at the
required concentrations on Mouse Embryonic Fibroblast
NIH 3T3 cells, suggesting the further investigation of
type I photoinitiators with different cell types.
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